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PROCEDURE OF CALCULATION
OF THE OPTICAL CHARACTERISTICS
OF SELECTIVELY RADIATING GASES

M.L.German,®D. Lempert,b UDC 536.34:535.36
V. P. Nekrasov,? and E. F. Nogotov?

The efficiency and correctness of the procedure of calculation of the optical characteristics of selec-
tively radiating and absorbing media proposed by the authors earlier and making it possible to take
into account with a high degree of accuracy the fine structure of the absorption line is illustrated
with the example of calculation of a number of standard problems of radiative transfer. The reliabil-
ity of calculation of the absorption coefficient (averaged over a finite spectral interval) of a selective
medium is evaluated based on the comparison of the results obtained to the experimental and theo-
retical data given in the literature.

In designing new high-temperature power plants and technologies and modernizing the existing ones,
it is very important to have a preliminary evaluation of the expected results. For this purpose one usually
employs the methods of mathematical modeling. In this approach, the accuracy and timeliness of obtaining
results largely depend on the correctness and the speed of calculation of the characteristics of radiative trans-
fer. Still greater requirements on programs of calculation of the characteristics of radiation are placed in de-
veloping expert diagnostic systems that would make it possible to identify anomalous and emergency
situations at an early stage of their genesis based on an analysis of the conditions of radiative heat exchange.
In this case, it is especialy important to get a result in a rea-time regime; therefore, along with ensuring the
required accuracy of the solution, great importance is attached to the speed of calculation.

To calculate the characteristics of radiative transfer in selectively radiating and absorbing media it is
necessary to solve an integro-differential equation of radiation transfer, which contains an absorption coeffi-
cient that describes the selective properties of a medium. Correct account of the selectivity of such a medium
can be taken by direct integration of the eguation over the contour of the absorption lines. However, this
method requires enormous expenditure of computer time since it is necessary to try to select a great number
of absorption lines of molecular gases (H,O, CO,, CO, etc.). At the same time, additional difficulties occur
if in the medium there are particles of the dispersed phase that scatter radiation. An analysis of the literature
shows that the approaches to the solution of this problem used at present are inefficient since they are either
very labor-consuming [4, 5], or unable to ensure sufficient accuracy of the calculations [6].

An efficient procedure of determination of the absorption coefficient (averaged over a finite spectral
interval) of selectively radiating gases with account taken of scattering has been proposed recently in [1-3];
this procedure allows one to avoid integration of the transfer equation with respect to frequency and, in so
doing, substantially simplifies the caculation of the characteristics of radiative transfer in selectively radiat-
ing, absorbing, and scattering media

The absorption coefficient (averaged over a finite spectral interval) of a medium is represented in the
form of the function
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which depends on the parameters of the absorption line and the Schuster number Sc = o/(x, +s/d +0)
(Xp is the coefficient of absorption of particles, which is "gray” within the limits of the absorption lin€).
Here &(y/d, t15) is the correction factor to take into account the contour of the line of radiation in a non-
scattering medium (Sc = 0, 9 = 1), 9(y/d, 1, Sc) is the correction factor to take into account the influ-
ence of scattering on the contour of outgoing radiation, and 1, = Hs/d is the "gray" optica thickness of
the selective component of the medium. If x,# O, the absorption coefficient of the medium is determined
by the sum X = X + Xp.

For the Lorentz contour of the absorption line the optical density of the medium with respect to ab-
sorption is equal to
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where % Z[]= sinh %n dg{ m:osh %T[—D— cos (ZTE)EiS the function that determines the shape of the Lorentz
O

contour of the absorptlon I|ne [7].
In nonscattering media (Sc = 0), the correction factor 8%, Ta Sc%in expression (1) is equal to unity.
O

Therefore, in this case the absorption coefficient (averaged over the line contour) of the selective component
will have a simpler form

Y=§E%,T£, )
5

and the value of the correction factor &(y/d, Ty to take into account the shape of the absorption line can be
determined from an analytical solution of the equation of radiation transfer under the assumption of the ab-
sence of external radiation and B(T) = const:
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This formula can directly be applied to calculations of radiative heat exchange in selective nonscattering
media. However, the gain in the counting time will not be great since the process of high-accuracy integra-
tion requires significant expenditure of this time. It is expedient to use this formula as a test for evaluating
the error of the results obtained using simpler expressions.

The tables of the numerical values of the factor &(y/d, 1)) which have been calculated from relation
(4) for the range of variation of the parameters 10 < 1,< 10% and 0.001<y/d < 0.5 are given in [1, 2]. Nu-
merical integration has been carried out according to the Simpson formula accurate to 0.0001%. In these
works, the authors have given the approximate formula obtained with the methods of correlation analysis for
calculation of the correction factor &(y/d, Tp):
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Fig. 1. Transmittance of the vapor of HyO (steam) (X4,0 = 1): @ P =
0.664 am, T = 5419 K, and H = 96.88 mm; b) P = 0.838 atm, T =
672.1 K, and H = 96.36 mm; 1) experiment [8] with a resolution of 0.8
cm % 2) calculation from formula (3) with a resolution of 25 cm™.

in the case where the obtained value of the coefficient turns out to be more than unity one must set &(y/d, Tp)
= 1. When formula (5) is used the error of calculation of the radiation intensity does not exceed 4.5% in
absolute value throughout the above range of the parameters y/d and 1,

The present work seeks to demonstrate the efficiency and correctness of the procedure proposed in
[1] for calculating the optical characteristics of selective gas media. The evaluation of the reliability of the
proposed procedure of calculation of the efficient absorption coefficient of a selective medium in a finite
spectral interva is illustrated by a comparison of the results obtained in using this procedure to experimental
and theoretical data given in the literature. By way of tests we selected standard classical problems that had
been used to substantiate the correctness of practically all the existing models of absorption bands: transmis-
sion of a layer of homogeneous gas and radiation (emission) of a two-layer gas with different temperature,
pressure, and thickness.

It should be noted that the proposed procedure of calculation of the absorption coefficient averaged
over the spectral interval is accurate only for a model Lorentz contour of the lines of absorption (radiation).
Since the real line contour differs from a model one, the results of the numerical calculations may differ from
the real ones. Furthermore, the proposed formula (1) of the absorption coefficient includes the parameters
s/d and y/d determined from the experiment or on the basis of "line by line" calculations; naturally, the
accuracy of finding them also affects the error of the calculated value of the absorption coefficient.

At firdt, let us consider the efficiency of this procedure with the example of caculation of the coef-
ficient of transmission of low-temperature (500-700 K) layers of steam. The results of this calculation ob-
tained from formula (1) and experimentally measured [8] with a resolution of 0.8 cm™ are given in Fig. 1.
The thermophysical and geometric parameters of the layers and the spectral resolutions are indicated in the
captions to the figures. The values of the average strength of the lines's and of the distance between them d
in the finite spectral intervals 25 cm™ wide required for the calculation have been taken from tables [9], and
the value of the haf-width y of the absorption lines of H,O in the medium of H,O has been caculated from
the formula [8, 10]
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yHZO_HZO = yHZO—air %2 VT +7.0 TE— 0.079 P_O T %2 T +7.0 TE, cm -, (6)

where Top = 296 K and Py = 1 atm.
An analysis of the data given in Fig. 1 shows that the proposed procedure reproduces rather correctly
the average coefficient of transmission for the rea spectrum of H,O. The same can adso be noted for the CO,
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Fig. 2. Transmittance of the vapor of CO; in the N> medium (Xco, =
0.155, H = 96.36 mm): @) P =0.994 atm and T = 291.2 K; b) P = 0.838
am and T = 672.1 K; 1) experiment [8] with a resolution of 3 em L 2)
calculation from formula (3) with a resolution of 25 cm L.
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Fig. 3. Transmittance of the layer of CO, (Xco, = 0.05) () and of the
layer of HO (xpy,0 = 0.05) (b) in air (P =1 am, T = 1000 K, and H =
100 cm) 1) "line by line" calculation [9]; 2) calculation from formula (3)
with a resolution of 25 cm™.

gas in the N, medium (Fig. 2), for which the value of the half-width y of the absorption line of CO, has been
calculated from the formula [11]
0.736
Yco,-n, = 0.0806 Pﬂ 5’% . om®. 7)
opg’ O

Comparison of the numerical results of calculation of the transmittance of the CO, and H,O gases
from formula (1) to the data calculated by the accurate "line by line" method [9] also shows their good co-
incidence (Fig. 3). Although the proposed procedure is an approximate one, it makes it possible to obtain
results several hundred thousand times faster than by the "line by line" method.

To demongtrate the simplicity of the use of the procedure proposed, let us calculate the transmittance
of CO, at a frequency of 3625 cm™ with the parameters given in Fig. 3a

1. From the tables of [9] we determine the specific value (per atm) of the parameter

¢/d=00684 cm ‘em?,

By multiplying this value by the pressure of the gas we obtain the required parameter

= PXeo, > =1 atm[D.05[0.0684 cm * Catm ~=0.00342 cm *.
O2 d

olwn
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Fig. 4. Spectral emittance of H,O in air (T = 2900 K, P = 1 atm, X4,0 =
0.58) for the gas layer H = 21.2 (a) and 8 cm (b): 1) experimenta data
[12]; 2) calculation from formula (3) with a resolution of 25 cm™.

2. We cdlculate the "gray" optica thickness

T,=5H=000342 cm ! (100 cm=0.342.

3. From the tables of [9] we determine the parameter 1/d = 4.01 cm. The haf-width of the absorption
line is found from the formula [8]

07
PO,d _ 1 D296 1
Yco,-ar = 0.0 F B'ITE =00587 OOOE ~0.0274, cm ~. (8)
The required parameter is y/d = 0.0274 cm™12.01 cm =~ 0.0992.
4. Using the table from [4], we determine the correction factor &(y/d, 1y =~ 0.88. Then the absorption
coefficient is
1

X =&>=0.880.00342 cm ©~0.00301, cm

oln

5. The transmittance of the gas is calculated from the formula
M =exp(—xH) =exp (- 0.301) =0.74 .

The indicated vaue is shown in Fig. 3a as the dashed lines.

As is seen, the procedure of determination of the absorption coefficient (averaged over a finite spec-
tral interval) of a selective component is rather simple and does not require substantial expenditure of com-
puter time while ensuring sufficiently high accuracy of calculation.

Figure 4 gives the comparison of the emittances of a steam € = 1—exp (—xH) in the ar medium
obtained by experiment [12] and as a result of caculation according to the proposed procedure for different
geometric thicknesses of the emitting layer (21.2 and 6.8 cm) within the range of wavelengths A = 1.8-2.2
my. In this case we are dealing with a high-temperature medium heated to T = 2900 K. The partial pressure
of the steam was equal to x4,0 = 0.58 atm at a total pressure of the mixture of P = 1 am. The caculation
of the haf-width of the lines of absorption of the steam in the air atmosphere was carried out from the for-
mula [10]
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Fig. 5. Spectra intensity of radiation from a hot layer of CO, (T, = 1000
K, Hh =1 m, Xco, = 0.03) transmitted by a cold atmosphere consisting
of carbon dioxide and nitrogen (T, = 216 K, Hc = 10 km, Xco,= 0.0003,
P;. = 0.1 am): 1) "line by lin€" calculation [10] with a resolution of 5

cmh 2) calculation from formula (3) with an averaging of 25 cm L,

P_ [T,
Yh,0-air = 0.079 B VT C)

and the parameters of the average strength of the lines's and of the distance between them d in finite spectral
intervals 25 cm™ wide were selected from the tables of [9]. The results presented in Fig. 4 also confirm the
efficiency of the proposed procedure.

In conclusion, let us consider the problem of transmission of the radiation of a hot source by a cold
amosphere and compare the results of the calculations carried out according to the proposed procedure to
calculations performed by the "line by lin€" method [10]. Such problems appear in observing the flares of
rockets and airplanes through the atmosphere. The model atmosphere [10] represents a mixture of carbon
dioxide and nitrogen at a temperature of 216 K. At an altitude of 10 km, as the rocket is in flight, a 1-m-
thick layer of CO, (T, = 1000 K, Xco, = 0.03, P, = 0.1 atm) appears. The problem consists of determining
the intensity of the emission (radiation) of this layer after its transmission by a cold atmosphere (T, = 216 K,
Hc = 10 km, Xco, = 0.0003, P = 0.1 atm).

The half-width of the absorption lines was determined from formula (8), and the parameters of the
average strength of the lines's and of the distance between them d in finite spectral intervals 25 cm™ wide
required for the calculation were taken from the tables of [9]. The expression for the intensity of radiation on
the source side of the cold layer has the form

I =B (Ty) (1 - exp (= XpHp) exp (= XHo) + B (To) (1~ exp (= XHo) (10)

where X. and X, are the absorption coefficients of the cold and hot layers respectively. The values of the
radiation intensity calculated from this formula (the calculation was performed with an averaging of 25
cm 1) are presented in Fig. 5.

The above examples confirm the efficiency of using the procedure proposed in [1-3] for determina
tion of the absorption coefficient (averaged over a finite spectral interval) of a selectively radiating and ab-
sorbing gas medium to calculate practical problems of radiative heat exchange.

NOTATION

X and o, absorption and scattering coefficients of the medium; ; absorption coefficient of the me-
dium averaged over a finite spectral interval; s, strength of the absorption line; y, half-width of the absorption
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ling; d, distance between the lines; H, geometric thickness of the layer; z distance from the center of the ling
A, radiation wavelength; v, frequency; T, temperature; B(T), Planck function of the temperature; P, pressure;
X, partia pressure; Sc, Schuster number; I, transmittance of the gas; €, emittance of the steam in the air
medium. Subscripts: a, averaging over absorption; p, particle; O, initial value; h, hot; c, cold.
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